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Gentlemen,—In the first place I wish to tender to you

my thanks for having again honoured me by electing me
to be your President for a second year. During my year
of office I think I maysay that the Institution has pros-
pered. The number of members has considerably
increased and work has been initiated in many new direc-
tions. The Research Committee is now in working order
and researches have been started or are under considera-
tion on Permanent Magnet Steels, Heating of Underground
Cables, Insulating Oils, and Wireless Telegraphy. The
catalogue of the lending library is being prepared and
country members will very shortly be able to borrow books
which they wish to consult. The first number of our
fortnightly Journal will be issued next month, and through
it I trust that the Council may be able to communicate
with the members much more frequently than in the
past. For this reason, it is unnecessary for me to-night
to refer at any length to the present or future work of the
Institution.

Last year in my address I tried to draw your attention
to various sections of electrical science and industry which
I thought were being to some extent neglected by the
Institution. This year I propose to revert to a practice
which was much more frequent in the early days of the
Institution, namely, to give you a more technical address.

PRESSURE RISES.
The subject that I have chosen, namely, " Pressure

Rises," is one which is of interest to a very large number
of the members because these rises, which occur under
very varied conditions, are a source of trouble not only to
the station engineer but also to the users of electricity, as
they may endanger apparatus which is connected to the
mains.

I must at once disclaim that the material I am bringing
forward is novel. What I am endeavouring to do is to
collect together and illustrate experimentally before you
to-night many of the well-known causes of pressure rises.
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Most of them are fully described in the literature on the
subject, a list of which I give in an Appendix.

Under the heading of " Pressure Rises " 1 wish you to
understand any rise in pressure above its normal value,
but I propose to exclude from my address those accidental
pressure rises which may occur should the speed of a
generator become unduly high or should the current from
a high-tension source get into a low-tension circuit, and to
diicuss those cases which take place during the apparently
normal operation of the station or during faults on the
mains.

The principal causes of pressure rises may be broadly
divided into three classes :—

1. Resonance.
2. Switching.
3. Arcs and sparks.

1. RESONANCE.

An electric circuit which contains self-induction and
capacity has, as is well known, a free period of its own,
and electric oscillations may be produced in it provided
that the resistance does not exceed a certain limit. If an
alternator is connected to such a circuit, and if the period
of the circuit is the same as the periodic time of the alter-
nating E.M.F., then very violent oscillations may be set up
in the circuit.

A limit to the strength of the oscillation is set by the
apparent resistance of the circuit—by apparent resistance
in this connection I mean a quantity which, when multi-
plied by the square of the current, gives the total losses in
the circuit, including iron losses, eddy-current losses, etc.,
under the given conditions. For instance, if the apparent
resistance R is comparatively small, then the voltage on the
condenser or self-induction m^y rise to approximately
w L/R or i/w C R times the E.M.F. of the alternator, where
L is the self-induction, C the capacity, and u» = 2irf,
f being the frequency.
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The most general case that occurs in practice is a long
unloaded cable which is connected to an alternator. In
this case the self-induction in the circuit is mainly the self-
induction of the alternator itself. The capacity is the
capacity of the cable, for unless the cable is very long it
may be considered to act in just the same way as a con-
denser connected to the terminals of the alternator. In
this very ordinary case resonance may be expected to take
place if the period i// of the alternator is the same as the
free period of the circuit. It may be thought that this
case would occur very frequently, but it does not do so
under normal working conditions.

It is easy to show- that in order to obtain resonance at
any frequency the capacity current taken by the cable
under normal voltage must be equal to the short-circuit
current of the generator at normal excitation and at the
frequency considered. No station could very well be run
in this condition, as it means that the capacity current of
the cables considerably exceeds the normal output of the
generator. Although I have observed many cases of
resonance of a 3rd, 5th, 7th, and higher harmonics, I have
seldom seen cases of resonance of the fundamental—one of
them will be referred to later.

With regard to the question of the upper harmonics, if
the wave form of the alternator is not a pure sine wave but
is of such a shape that it may be considered to consist of a
fundamental sine wave on which is superposed an alternat-
ing current having three, five, seven, etc., times the
supply frequency, then the case is somewhat different, for
although the resonance of the fundamental cannot take
place, a resonance of one of the upper harmonics is quite
possible, since it is evident that as the frequency increases
the capacity current taken by the cable increases and the
short-circuit current for that frequency decreases, so that
they rapidly approach one another. For instance, if the
normal capacity of the cable were, say, ^th of the short-
circuit current of the alternator, then a resonance of the
3rd harmonic takes place if such a 3rd harmonic exists
in the wave form. If the ratio were ?s, then the 5th
harmonic might resonate. Now the ratio Jz is quite a
possible condition, for this roughly corresponds to the
capacity current in the cables being about ^ th of the full-
load current of the alternator, so that resonance of the 5th
and higher harmonics may be expected in practice.
Whether they are serious or not will largely depend upon
the magnitude of these harmonics in the wave form of the
alternator.

• Let E be the E.M.F. of the alternator,
J = frequency,
a, = 2 »/,

L = self-induction of the alternator,
C = capacity of the cable,
Ij = short-circuit current of the alternator determined in the

usual way,
I = capacity current of the cable.

As a first approximation the resistance of the alternator and cable
will be neglected. Then the short-circuit current of the alternator

= Ij- = E Impedance = E w L.

The capacity current into the cable = I, = E a C ,

. •• I./I, = La,Cw.

For resonance i / / = 2 * v'LC, or L C = (1/2 nf)2= i/«2,

or— L a) Co) = 1,

With modern alternators resonance seems to have
practically disappeared in this country. In the early days
I had some bad cases to investigate when resonance of one
or other of the harmonics took place, which either caused
failures or difficulties in regulating the voltage. With
the modern machines the 3rd, 5th, and 7th harmonics
are generally so small that there is no trouble from their
resonating. Resonance of the higher harmonics is more
likely to take place, but owing to the very much greater
losses due to eddy currents, hysteresis, etc., the resonance
of these higher harmonics does not in general attain a
serious magnitude, especially if there is any load on the
machine.

There is one point which it is necessary to bear in mind
in connection with the possibility of resonance of one of
the higher harmonics. It is quite true that in the ordinary
three-phase systems the wave forms between the phases
are practically free from the 3rd harmonic, but this is not
necessarily true of the wave form between each of the
terminals and the neutral point. Care must therefore be
taken that the resonance of this harmonic does not occur.
From this cause there might be quite a considerable
potential difference between each of the cores of the cable
and earth, whereas a record of the wave form taken between
the cores might show nothing abnormal.

As a few examples of resonance of the higher harmonics
observed in generating stations when the alternators were
connected to feeders on open circuit, the following may be
of interest.

Fig. 1 is the open-circuit wave of an old type of 4oo-kw.
2,000-volt alternator, and Fig. 2 is for the same machine
connected through a 3 :1 transformer to two of the feeders.
The record which was taken on the high-tension side of
the transformer shows a marked resonance of the 3rd
harmonic, causing the potential-difference wave to fall
almost to zero once during each half-period. The
maximum volts are 10,140, or roo times the R.M.S. value
instead of 141 times for the sine wave. This is quite an
exceptional case owing to the shape of the open-circuit
wave and the large capacity of the cables in comparison
with the size of the machine.

Fig. 3 shows the open-circuit wave of a more modern
500-kw. three-phase 6,600-volt generator, and Fig. 4 is for
the same machine connected to two of the feeders. A
resonance of the 13th harmonic has taken place and the
maximum voltage has risen to 14,000, or 233 times the
R.M.S. value.

As a further example of a resonance of a 13th harmonic,
Figs. 5 and 6 show the potential-difference waves of a
i,5oo-kw. three-phase 6,600-volt alternator on open circuit,
and with cables connected ; the peak of the pressure
curve in this case is 12,900 volts. Figs. 7 and 8 refer to the
same case recorded between one terminal and earth.

The effect of the changes in speed on the wave form
near a resonance is exemplified in Fig. 9, which shows the
open-circuit wave of a 330-kw. 5,000-volt generator at
normal speed, and in Fig. 10 for the same machine con-
nected to four feeders. An increase of 8 per cent in the
speed produces Fig. 11, and a reduction of 26 per cent
Fig. 12.

The importance of the observation is that alternators
should never have their speed run up or down when
excited and connected to cables on open circuit, for fear
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of passing through a possible resonance of an upper har-
monic. In this connection I should like to draw attention
to the case of switching off at the generating station a
feeder connected at its far end to a running motor or
rotary converter. When the switch opens, the cable is left

off together at the generating station, giving a very con-
siderable rise in pressure on the feeder.

A similar case is shown in Fig. 14, in which a feeder sup-
plying two motor-generators in a sub-station was discon-
nected from the busbars by tripping the oil switch. The

FIG. I . FIG. 2.

FIG. 3. FIG. 4.

FIG. 5. FIG. 6.

FIG. 7.

connected to the running motor or rotary converter which
acts for a short time as a generator. As the machine slows
down there is a considerable risk of a resonance, the more
so as the self-induction of the motor or converter may be
high enough to give a resonance even of the fundamental.
An example of this effect is shown in Fig. 13, where a
500-kw. rotary converter and feeder have been switched

FIG. 8.

busbar pressure was 6,420 volts, but the maximum peaks
on the record after the switch had opened are no less than
16,200 volts, due to a resonance of the 13th harmonic
during the short time that the motor-generators were
slowing down with the feeder on open circuit connected
to them.

I have already mentioned that in order to get resonance
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the cable system should be on open circuit. If the cable
system has a number of transformers connected to it, the
secondaries of which are on open circuit, the risk of reson-
ance is still present because the magnetizing current taken
by the high-tension side of modern step-down transformers
is so small as hardiy to affect the conditions. Directly there
is any appreciable load on the system the risk of a serious
resonance becomes very smalLand rapidly vanishes.

the best method of illustrating this is by an actual example.
A three-phase voltmeter transformer was connected to the
busbars on the high-tension side by means of a fairly long
length of cable. At the busbar ends of the cable were
links which could be withdrawn in order to disconnect the
transformer when required.

In this case it was found that if one of the links at, say,
b (Fig. 15) were m place, the other two being open, a high

FIG. 9. FIG. 10.

Fit;. 11. F10. 12.

A
FIG. 13.

A A A
V V

FIG 14.

It is necessary to point out that should, owing to any
cause, the load be suddenly switched off the ends of long
feeders so as to leave them unloaded and connected to the
generator there is the probability of a pressure rise due to
the combination of resonance, a rise in the speed of the
generator, and interrupting the current, referred to below
under " Switching."

There are certain special cases in which resonance of
the fundamental may appear in unexpected ways. Perhaps

voltage occurred between either of the other terminals and
earth.

The neutral point of the generator was earthed, and each
of the cables between the busbars and the instrument trans-
former had a capacity of about T&5 mfd. to earth. A circuit
was thus formed through the closed link b, two coils of the
transformer in series, and the capacity of the lead to earth,
back to the neutral point. The self-induction of the two
coils of the transformer in series was just about sufficient
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to give a resonance when in series with the capacity of
the cable to.earth at the ordinary working frequency. The
voltage, which should have been 4,620 (8,000 volts between
phases) between a or c and earth was observed to be
10,100, or more than double the proper value. On dis-
connecting the pieces of cable between a and c and the
transformer, the observed voltage on the open legs of the
transformer fell to 4,700, practically normal value. Every
time a voltmeter transformer was put in or out of circuit
by withdrawing the link, the somewhat dangerous con-
dition had to be passed through where one of the legs of
the transformer was submitted to something like twice the
normal pressure.

As another possible example take the case of a 100-kw.
single-phase transformer supplied at 6,000 volts through a
feeder one mile long and feeding into a distributing net-

order to avoid discussing the properties of long cables
twice over.

Summing up, it may be said that resonance at the funda-
mental frequency is rare but very dangerous when it does
occur.

Resonance of an upper harmonic is much more fre-
quently observed, but with the good wave forms of modern
turbo-alternators the amplitudes of the upper harmonics
are so slight that their resonance does not generally pro-
duce any dangerous pressure rise.

2. SWITCHING.

In switching apparatus in and out of circuit there are
a certain number of cases in which the pressure may rise
considerably above the normal irrespective of any arcing
or sparking which may take place at the contacts. The

n

Ld

FIG. 15.

work. If the capacity of the feeder be taken as 0*25 mfd.,
the capacity current at 50 frequency will be just under
\ ampere. The magnetizing current of the primary of this
transformer may not differ much from £ ampere, and
there is thus a possibility of a pressure rise should the
feeder be disconnected at the generating station, leaving
the transformer connected on the low-tension side trans-
forming up and making the cable alive. If there was
much magnetic leakage in the transformer this rise might
be serious.

In two-phase or three-phase systems a number of com-
binations of the cables and transformers exist where, if a
connection be opened, or during switching, the self-induc-
tion of the transformers may be in series with the
capacities of the feeders, as pointed out by Steinmetz.

The resonances that may occur between the distributed
self-induction and capacity of long cables causing rises of
pressure at their ends, generally known as the " Ferranti
effect," will be referred to later under " Switching" in

best known is probably the ordinary case of opening an
inductive circuit such as the field coil of a generator. If
the rate at which the current is suppressed is sufficiently
great, very high voltages can be produced, because the
whole of the energy that is stored in the self-induction is
set free, and must be either dissipated or stored in some
available condenser. If an uncharged condenser is sud-
denly switched on to a generator, then in the general case
the potential difference between the terminals of the con-
denser will rise not only to that of the generator but will over-
shoot the mark, and may, in the extreme case if there are
no losses, reach twice the value. This is analogous to the
ordinary case of the ballistic galvanometer in which,
when the damping is small, the initial deflection on
switching it into circuit is twice the steady deflection.

We have here, therefore, two fundamental cases where
pressure rises may easily occur in practice, namely, when
inductive circuits are suddenly opened or when condensers
such as cables are suddenly charged. The simple case of
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the inductive circuit is so well known that nothing more
need be said about it except to point out that in the case of
long feeders where the currents are large the energy stored
in the self-induction of the feeders may be quite consider-
able ; this is especially the case with continuous-current
feeders.

As examples of the voltage rise when switching on a
capacity, Fig. 16 shows the case of switching on and off
3 miles of cable on open circuit at 5,600 volts to a i,oDO-kw.
generator by means of an oil switch. The peak of the
potential-difference curve is 14,500 volts, or about 26
times the R.M.S. value. The switching off of the cable
gives no rise, the cable behaving like a simple concentrated
condenser. The fine ripples on the curve are due to a
high harmonic slightly resonated.

As another example, Fig. 17 shows the switching on and
off of about 2 miles of cable by means of an air-break
switch from a 5,000-volt generator of an old type which had
not a very good wave form. At the moment of switching

2 (V + v), or the voltage rise measured from the zero line,
2 (V •+• v) — v, say 2 V + v. In the worst case of v = V
we have a maximum of 3 V ; or for a sine wave say 4*2
times the R.M.S. voltage.

I have already stated that no rise of potential takes place
when switching off a condenser. If, however, sparking or
vibration takes place at the contacts the effect just men-
tioned may occur. Fig. 17 is a good example where the
cable was switched off from the machine, and it shows
that while the cable was discharging after the first switch-
ing off the switch re-made contact again and re-charged
the cable in the reverse direction. During the following
discharge the switch again made contact and re-charged
the cable, giving a pressure rise to 12,900 volts. The
switch now finally breaks contact and the cable discharges
with a tendency to a slow oscillation.

A bad case of vibration of the contacts of switching
combined with a resonance is shown in Fig. 18, in which
about 12 miles of feeder were switched on to the 400-kw.

A A A A / V
V V V V V

FIG. 16.

FIG. 17.

on the potential difference rose to 11,000 volts, or 2-2 times
the R.M.S. value. It is to be noted that after the first
contact at the switch the cable becomes charged by the
oscillations. The switch then breaks contact and the
charge in the cable leaks away through the oscillograph
giving part of a discharge curve. About ag5th of a
second later, while the cable is still partly charged, the
switch makes contact again and the cable is re-charged,
but this time in the reverse direction, from the following
half of the wave form. The cable again becomes charged
by the oscillations and finally settles down.

This effect of a switch not making perfect contact may
lead to high pressures, because the upper limit to which
the voltage on the condenser may swing is twice the
difference of potential which is suddenly applied to it.
For instance, if after the first contact the cable is left
charged to a potential + v and then contact is made
again at the middle of the following half-period when the
voltage is — v, the change of voltage applied to the
condenser is V + v, and the first swing may amount to

generator already mentioned (see Fig. 1). The cable was
not quite discharged from previous experiments at the
moment the switch made contact. The ordinary rise, but
not a serious one, took place, and the switch remained
closed for little over half a period. It then broke contact
for approximately half a period; after which it re-made con-
tact, giving a high rise in the reverse direction to 5,100
volts from a R.M.S. value of 2,000. During the next half-
period the switch appears to have made good contact, but
during the following one it has again been faulty in its
contact. The moral is : Use a switch which closes quite
clean without any chattering of its contacts, and switch
on under oil, as the risk of a leading spark is thereby
greatly decreased.

The smaller curve is the current flowing into the cable,
which current it will be noticed has three times the funda-
mental frequency, owing to the fact that the conditions
are practically the conditions of the resonance of the
third harmonic of this machine already referred to. The
results of a very large number of tests of switching on and
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off cables on open circuit show that in general on switch-
ing on the cable, if no sparking takes place, the peak rarely
exceeds twice the R.M.S. voltage, and that there is no rise
on switching off. If, however, vibration of the contacts
takes place or sparking, which will bs referred to again
later, then the peak may be more serious. If the switch
is in good condition, however, the upper limit of the peak
may, I think, be safely taken at three times the R.M.S.
voltage.

As all cables and apparatus should at least be able to
stand safely twice the working voltage for short periods,
to switch on a cable should be quite safe provided no
serious sparking takes place at the contacts.

FIG. 18.

I have so far mentioned the cases of a capacity or a self-
induction, i.e. a cable or a winding of a machine suddenly
switched in or out of circuit. The next case is the
switching in and out of a circuit which has both capacity
and self-induction ; in this case oscillations may be pro-
duced if the resistance is low enough. Assume for the
moment that the capacity and self-induction are not dis-
tributed, that is to say, can each be considered to be
situated at the point in the circuit, for instance at C and L
in Figs. 19 and 20.

FIG. 19.

I will consider the effects according to whether a gene-
rator with a fixed voltage and with no self-induction or
capacity is suddenly connected or disconnected between
a and b (Fig. 19 or Fig. 20), i.e. the series or parallel
arrangements. If the generator be suddenly switched in
between a and b (Fig. 19) the charging current of the
condenser will flow through the self-induction, storing
energy in the magnetic field. At the moment when the
condenser is fully charged, this stored energy will tend to
maintain the flow of the current, and so overcharge the
condenser, followed by the usual oscillations if the resist-

ance is low enough. The upper limit of the voltage
applied to the condenser, assuming that there are no arcs
or sparks at the contacts, is twice the voltage impressed
by the generator, but this is not attained in practice owing
to numerous causes which dissipate the energy. The
equation representing the voltage during the charging of
the condenser is—

Vc = Vr (!+£-«' sin/./),

in which \ e is the E.M.F. of the generator and V, the
potential difference between the terminals of the con-
denser. The constant a = R/2 L is the log. decrement, and
p = 2 irf, where / is the frequency of the free oscillations
in the circuit. This is the ordinary case of switching in a
condenser, say a cable, and the limiting value of the
pressure, i.e. when p t = TT/2 (if no sparks or arcs occur, see
later), is twice the machine voltage. It is to be noted
that if the self-induction of the circuit could be made
really nil there would be no rise ; but this case is never
obtained in practice.

On breaking the connection the condenser remains
charged, and no pressure rise takes place. If the points

a

KlG. 20.

a and b be short-circuited the condenser will discharge
through the self-induction, possibly with oscillations, but
no rise will take place.

If the generator be suddenly switched without sparking
on to the points a and b (Fig. 20), i.e. in parallel with the
self-induction and the condenser, the condenser will be
charged and the current will grow through the self-
induction without any pressure rises owing to the assumed
fixity of the voltage of the generator—as a generator with
no self-induction does not exist the absolute fixity of the
applied voltage is impossible, so some small initial rise
may take place in practice. On switching off, on the
assumption that no sparking or other form of dissipation
of energy takes place, the whole of the energy stored in
the magnetic field of the coil L is suddenly liberated, and
must be transferred to and stored in the condenser. If the
current through the self-induction be I, then the stored
energy is £ L I2. If the voltage between the terminals of
the condenser be V, the stored energy is £ C Va. These
two quantities have to be equal if the energy is assumed to
be transferred from the magnetic form to the electrostatic
form without losses.

Hence—
V IV. - J C V . . , . , - ^ .
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If the ratio L/C be known, then the limiting voltage
Corresponding to any current can at once be determined.
For example, assume the self-induction of the generator to
be 5 millihenries, and the capacity of two miles of cable to
be £ mfd., then L/C = 10,000 and VW^ — IO°. Therefore
if 1,000 amperes were suddenly interrupted at the end of
the cable, a pressure of 100,000 volts might be produced.
Owing to the spark at break, and the iron losses, leakage,
etc., so high a voltage is not actually obtained.

The mathematical treatment of the general case of a
long cable having distributed resistance, self-induction,
capacity, and leakance, is somewhat difficult to follow in
all its details. Dr. Kennelly's treatment of the subject by
means of hyperbolic functions in a series of lectures given
in this room enables a great many of the properties of
these cables to be readily understood, and when the com-
plete set of tables of the hyperbolic functions of imaginary
quantities which Dr. Kennelly is preparing are finished, the
labour of calculating any special case will be considerably
reduced. For the present purpose of considering pressure
rises most power-supply cables may be looked upon with
sufficient accuracy as approximating to the two limiting
cases of very short or very long cables. This leads to a
great simplification of the discussion. For accurate pre-
diction of the voltage drop and other properties of long
lines, and also in telegraphy and telephony, these approxi-
mations are not permissible. A further simplification can
be made if leakance be neglected, which is generally the
case. Its effect if present will be to reduce rather than to
increase the pressure rises.

Consider an infinitely long cable and let it be suddenly
connected to an alternating-current generator at the
moment when the potential difference is zero. As the
potential difference increases at the generator end of
the cable a current will flow into it charging up the con-
denser formed by the cable and earth, and this charge will
travel along the cable with a certain velocity. Owing to
the resistance and capacity of the cable the quantity of
electricity flowing along it will become less and less as the
charge travels along, so that one may look upon the wave
travelling down the cable as being of continually decreas-
ing amplitude. As the wave travels down the cable with
a certain velocity the alternator continues to revolve, that
is to say the phase of the current wave applied to the end
of the cable is continually changing, so that the phase
difference between the alternator wave and the current
wave travelling down the cable increases progressively.
The net result is that in a very long cable the wave travel-
ling along the cable continually diminishes in amplitude
and lags behind the generator in phase.

If the cable is electrically very short there will be practi-
cally no diminution in amplitude or change of phase while
the wave progresses along it. This is in general the case
for the underground cables and power lines in this country
at ordinary frequencies, and under these conditions the
cable may be considered to be replaceable by an equiva-
lent arrangement of self-inductions and condensers, as
shown in Fig. 21, in which the capacity of each of the two
condensers is equal to one-half of the capacity of the cable,
and the self-induction and resistance of the coil between
them are equal to the ^elf-induction and resistance of
the whole cable. The pressure rises that may occur in
this cable are approximately those already referred to

when dealing above with localized self-inductions and
capacities.

Very long lines, such as those in use abroad, cannot
be considered quite so simply. Suppose a long line is
on open circuit at the far end, and, as before, it is
suddenly connected to the generator at the zero point
of the potential curve. Then the wave of current
flows down the line, and when it gets to the open
far end it is reflected or turned back on itself and
flows back towards the generator ; now at this reflection
at the far end, the potential difference of the wave is
doubled. The wave now travels back towards the
generator, where if the generator is assumed to be very
large the wave will go to earth quite freely and the reflec-
tion will take place with a reversal of phase and no
increase in amplitude. The current wave will again travel
back towards the far end of the cable where it will again
be reflected, and it will travel successively backwards and
forwards and so build up to the steady state. Conse-
quently in the steady state of such a cable the voltage of
the far end may be looked upon as being built up on a
number of components of different phases. The magni-
tude of the voltage will naturally depend upon the phases
and magnitudes of these components. First as regards
their magnitude ; as the charge travels along the cable the
voltage decreases according to an exponential law—

in which a is the attenuation constant. For instance, in a
certain cable the quantity t~a L might at a given frequency
be 07. This would mean that the voltage at the far end
was only 70 per cent of that suddenly applied by the
generator, so that in transmission along the cable the first
time there is a loss of 30 per cent. This wave is reflected as
already mentioned and travels back towards the generator,
where it arrives again reduced by 30 per cent, that is to say
to 49 per cent of its initial value ; the reflection then takes
place at the generator and the wave travels back, arriving
at the far end with about 35 per cent of its initial ampli-
tude. This adds on vectorially to the initial wave so that
the waves at the far end of the cable are a summation
of a rapidly diminishing series of waves.

The phases and amplitudes of the components of the
voltage at the end depend upon the frequency, the length
of the line, and its constants. In order that the components
may add up to a considerable total it is necessary that they
should all arrive at the far end in the same phase, or more
accurately that the phases should differ by a multiple
of 2 it. As the reflection at the generator end is accom-
panied by a reversal of phase the travel of the wave along
to the end and back must be accompanied by a change of
phase of v, i.e. the alternator must have changed its phase
by ir/2 during the time the wave takes to travel along the
line, which means that the length of the line is a quarter of
the wave-length at this frequency. This condition leads to
a building up of the potential at the end of the line.

Another way of looking at the effect is to consider that
the wave which is started flows along the line and after
reflection at the open end returns to the generator, where
it should arrive at the moment that the alternator has.
reversed the direction of its E.M.F., so that the returning
wave and the E.M.F. of the alternator act in the same direc-
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tion and assist one another. This effect, namely the
building up of the potential at the far end of the line on
open circuit, is generally known as the Ferranti effect,
owing to its having first been observed by Dr. Ferranti on
the Deptford mains.

In general the velocity of propagation of the wave along
the line is less than the velocity of light, say from one-
quarter this velocity upwards for ordinary cables and
lines, though nearly equal to it for straight wires in space
away from other bodies.

At 50 frequency with a cable having a self-induction of
o*5 millihenry per mile and a capacity of 0*25 microfarad
per mile the velocity of propagation is about 86,000 miles
per second in round figures.

Hence the distance travelled in one-quarter period, or
one two-hundredth of a second, is 430, so that the quarter
of a wave-length will correspond approximately to 430
miles.

With higher frequencies the length to produce the effect
is considerably shorter, so that the effect can become quite
marked with the upper harmonics and moderate lengths of
circuit, and considerable rises of pressure due to this cause
have been observed in the United States.

It is well to point out that a load on the end of the line

Some very interesting cases occur when inductive
windings are suddenly switched into circuit; for instance,
the high-tension coils of transformers, induction motors,
or any alternating-current apparatus. In this case there
may be no observable pressure rise between the terminals
of the coil, but yet during the initial stages the full pressure
which is applied between the terminals of the coil may be
so unequally divided between the windings as to produce
locally differences of potential far above the ncrmal.

Let us consider the coil shown in Fig. 22, and let us
assume that a high voltage V is suddenly applied to it by
means of the switch s. Now in the steady state the voltage
V will be assumed to be uniformly divided among the
turns of the coil, so that between the ends of the first turn
there will be V//» volts, if n is the number of turns. Now
consider what happens at the first moment of closing the
switch s. The current will not instantly attain its steady
value ; there will be a preliminary stage, and during this
preliminary stage one may imagine that a quantity of
electricity is travelling forward along the coil from its end.
In other words, that there is a sort of wave front starting
from the switch to travel along the coil similar to the
charge of a long cable. If the coil possessed no electro-
static capacity, i.e. no condenser action, either from turn to
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FIG. 21.

reduces the effect, so that on loaded lines it soon becomes
inappreciable.

With the higher frequencies employed in wireless tele-
graphy the Ferranti effect is very marked. Aerials are
always adjusted with their added self-induction to the
quarter wave-length, so that the potential at the free or
open end may amount to some hundred times the pressure
employed at their base.

With the short cables in use in this country the effect is
rarely observed, but it is of considerable importance from
the point of view of the sparking and arcing that may take
place in switching operations and during faults, which may
generate oscillations of a suitable frequency to produce the
effect to a very marked degree with comparatively short
leads. The magnitude of the effect depends on the resist-
ance being small, which is generally the case in practice.

In making calculations of the frequency which will pro-
duce the Ferranti effect on very short lines, the line may
be considered to be replaced by the circuit shown in
Fig. 21, as pointed out by Dr. Kennelly, and the frequency
of resonance of the part B C and D may be calculated
by the simple Kelvin formula. A more accurate result can
be obtained for short lines of small resistance by taking
2/n- of the capacity and 2JK of the self-induction of the
whole line, and calculating the free period of a circuit
composed of a capacity and self-induction having these
values.

turn or from turn to earth, the current would be propagated
instantaneously round the coil, and would start to grow
from zero in all parts of the coil equally at the same time ;
but in practice this is never the case, for every coil, how-
ever made, possesses some finite though very small
condenser action. The wave front therefore takes some
appreciable time to travel round the coil, although this
time may be exceedingly small. During this progress the
potential difference is by no means uniformly distributed
along the coil ; in fact, the coil may be looked upon as
similar to a long submarine cable if one remembers that
the electrical constants are very different, and consequently
the times of propagation of the disturbance.

In the case of a submarine cable, say an Atlantic cable,
if the voltage is suddenly applied at this end, the wave
starts off and travels towards the States, and the first trace
of its arrival occurs rather less than o*i sec. later. In the
case of the windings of an ordinary transformer lhe length
of time required for the wave front to travel along the
coil is probably less than Tuosijth of a second. In both
cases during the initial stages practically the whole of the
potential difference is localized.

The localization of the voltage on the turns of a trans-
former at the moment of switching it into circuit is of
great practical importance and is the cause of many
failures. The effect is further aggravated by any spark-
ing which may take place at the switch contacts, which

1*
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sets up high-frequency oscillations in the leads connected
to the transformer. As the high voltage between turns
due to switching in only lasts a very short time, too short
to be recorded by an ordinary oscillograph, the failure of
the insulation between turns may only take place after a
number of switchings, when the insulation between turns
having been locally weakened, heating sets in at the
normal working voltage and a breakdown of the coil to
earth soon follows. For this reason extra insulation is
often placed on the end turns of transformers, or choke
coils are used in series with them as a protection.

High-voltage motor windings are subject to a similar
effect, and with asynchronous motors there is a further
possible cause of localization of the pressure on a limited
number of turns of the windings, not necessarily the end
turns. This depends on the fact that the self-induction
and mutual-inducticn of the different sections of the wind-
ings are not necessarily equal, owing to the mechanical
difficulties in making the short air-gap perfectly equal all
round the machine.

FIG. 22.

The localization effect on the end turns of the apparatus
is especially noticeable in connection with the high-
frequency oscillations or with the steep wave front cur-
rents which may travel along overhead lines after light-
ning discharges. These are very similar in their properties,
but, owing to the much higher voltages which may be
induced, much more destructive and difficult to guard
against than the steep wave fronts and oscillations that
can be set up by switching on apparatus. This effect has
been investigated by Jackson.

Switching off ordinary loads is generally safe, for even
should the switch try and open the circuit when the
current has its maximum value it is improbable that the
rate of decrease of the current will be sufficient to produce
dangerous pressure rises. On the other hand, abnormal
currents and short-circuits may give rise to excessive
pressure, as the energy liberated at the break is so large
that- it may form an arc and blow the switch to pieces. If
the rate of break is sufficiently rapid to avoid this, the rate
of change of the current may be so great that a dangerous
pressure rise is produced. A number of valuable records
showing the switching off of large powers amounting to
tens of thousands of kilowatts are given in a paper by
Marguerre in which practically no rises of pressure are
observable, but I think it is unwise to assume that this is
always the case. The best means to employ to limit the
short-circuit current of generators is one of the problems
which faces designers at the moment, both to protect the
machines themselves from damage and to reduce the risk
of pressure rises on opening the circuit.

The whole question of the rate of change of current that
may take place at the moment of switching off is really a
question of the suddenness with which the arc or spark
between the switch contacts can be extinguished, for
except under very exceptional cases it is impossible to

break any considerable current without some arc or spark
forming at the contacts. The rise due to these causes will,
however, be considered in the next sections.

3. ARCS AND SPARKS.

Pressure rises may in many cases be traced to the
properties which arcs and sparks have of facilitating or
causing rapid rates of change of current. The properties
of an electric arc are somewhat peculiar in that it is one
of the few electric conductors which is in general essen-
tially unstable. By this I mean that if the current be
increased through an ordinary arc the potential difference
between its terminals decreases, producing a further
tendency for the current to increase, which if it is not
limited by some other resistance in the circuit would tend
to increase to an unlimited extent. On the contrary, if the
current be decreased the potential difference between the
terminals of the arc rapidly rises, tending to suppress
the current altogether. In fact, it is quite well known
that it is necessary to have a steadying resistance or its
equivalent in series with any arc in order to reduce the
tendency of the current to go off suddenly to infinity,
or to become zero.

This instability of the arc favours the sudden sup-
pression of the current should an arc be formed, and tends
to produce pressure rises if there is any self-induction
in the circuit, which in practice is always the case. The
instability of the arc may be greatly increased if the
electrodes are kept cool; for instance, if they consist of
large masses of good heat-conducting material. Further,
this effect is increased if the electrodes are close together
so that they tend to cool the vapour column of the arc.
A transverse magnetic field also makes the arc unstable.
Shunting the arc with a condenser greatly increases this
instability, because should the current through the arc
decrease due to any accidental cause the potential
difference between the terminals of the arc will increase.
This will tend to cause the current to flow into the con-
denser shunting the arc, which current will be diverted
from the arc. It should therefore tend to reduce still
further the current through it, rendering the conditions
more unstable than without the condenser as a shunt.

A great deal has been written about the difference
between arcs and sparks. In my mind the fundamental
difference between an arc and a spark is that in the arc
the electrodes are being continuously volatilized, and the
vapour of the electrodes takes part in the passage of
the electric current. The spark, however, is generally
of an intermittent or a transitory nature, the electrodes
are not appreciably volatilized, and the current is largely
transferred through the air. It is pretty obvious that there
cannot exist any clear line of demarcation between the
two phenomena, and that the one merges into the other
under the above definition, depending on the mass of
volatilized electrode present in the vapour column. The
properties of the spark are more difficult to investigate
than those of the arc owing to its transitory nature, but
there seems little doubt that they are essentially similar
with regard to instability. In fact there are reasons
to suppose that the electric spark possesses the same
instability as the arc but in an enhanced degree.

Any arcing or sparking taking place in a circuit is liable
to set up oscillations which may give rise to dangerous
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pressure rises. It is therefore necessary to consider the
types of oscillations which may be produced by arcs or
sparks. The best-known case is the oscillatory discharge
or charge of a condenser such as is used in wireless
telegraphy. Fig. 23 shows the usual connections.

If the source of supply is high-tension alternating, each
time the condenser charges up to a sufficient voltage the
gap s will break down and an oscillatory discharge will
take place. This discharge repeats itself each half-wave,
or several times per half-wave if the conditions are
suitable. The activity of the oscillations depends very
much on the condition of the spark at the gap s. If a
lot of conducting vapour is formed, or if the electrodes
remain very heated so that the gap does not recover its
insulating properties very quickly, then after the first
discharge the condenser cannot be charged to so high
a voltage, and the activity of the oscillations falls off.
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FIG. 23.

For this reason sparks taking place between large masses
of metal which are good conductors of heat or in a
magnetic field are more likely to be active than those
that take place between carbon electrodes. If after the
spark takes place the generator current follows, forming
an arc and a quantity of vapour, the oscillations are
generally reduced in activity.

If the supply is continuous current, oscillations can still
be produced provided that the arc is such that S VIS I is a
negative quantity, where S V is the change in voltage pro-
duced by a small change S I in the current through the arc,
and that the resistance of the oscillatory circuit composed
of L and C is low enough. The quantity S V/81 is not in
general negative for large-current arcs in air, so oscillations
due to this cause do not seem probable at first sight.
Large-current arcs in gas and in magnetic fields can,
however, produce powerful oscillations. Further investi-
gation is required as to whether under the initial conditions
of the formation of large-current arcs the instability may
not be such that pscillations can be produced.

A water model can be made which will to some extent
indicate the instability of the arc and will give a good

representation of how the oscillations are produced. In
the actual model the arc is represented by a mushroom
valve. The pressure of the valve on its seat is so arranged
that the pressure tending to re-scat the valve diminishes
very rapidly as the valve lifts. Water is admitted beneath
the valve, flows through the valve into the vessel which
contains it, and overflows. In order to indicate the
difference of pressure on the two sides of the valve which
represents the arc a glass pressure-column is introduced
into the pipe leading to the valve and quite close to it. As
the water overflows freely from the tank in which the valve
is immersed, the pressure on the side of the valve may be
taken as our zero of reference, and consequently the height
of the water column in the pressure tube above or below
the level of the overflow gives the pressure underneath the
valve.

If water be admitted from the tank below the valve the
pressure in the pressure tube rises to a high value ; finally
the valve lifts, i.e. the arc is struck, but the pressure still
remains high. If, however, the flow of water is increased,
the valve will open considerably and the pressure below it
will decrease. If nicely adjusted this effect can be made
to take place over a considerable range.

If instead of connecting a pressure tube of small bore
indicating the pressure on the underneath side of the valve

FIG. 24.

a large diameter tube be introduced so that the water
column in it has a periodic time of its own and is able to
oscillate similarly to the condenser circuit shunting the arc,
oscillations will be set up in this column, and if the periodic
time of the liquid in this column be altered, the period of
the oscillations will be altered ; this can easily be done by
connecting air vessels of different capacity to the open end
of the tube, so altering the controlling force acting on the
water, in other words altering the capacity of the circuit
shunting the arc.

With this water model a great many of the properties of
arcs both intermittent and oscillating can easily be shown.
The one point of difficulty in constructing the model is to
obtain a force acting on the valve which decreases rapidly
when the valve lifts and which occasions no friction. So
far the only successful method I have found is to hang from
the underneath side of the valve a piece of soft iron which
nearly touches the pole of a small electromagnet. This
gives a force which without any friction rapidly decreases
as the valve lifts and works very well.

Intermittent discharges may take place either with
alternating or continuous current, and give rise to oscilla-
tions as follows:—If the generator has a very drooping
characteristic, or if Lt (Fig. 23) is a very high resistance
or inductance, then the condenser will take an appreciable
time to charge up to the discharge voltage. After the
discharge, which may be oscillatory, has taken place a
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certain time must elapse before the condenser is again
charged to a sufficient voltage, so that a regular succession
of charges and discharges will take place even with a
continuous-current supply. The time to charge the con-
denser depends for a fixed generator voltage and length of
gap on the capacity of the condenser and on the im-
pedance of L,, including that of the generator. If the
impedance is not too large the successive discharges may
follow one another very rapidly. It is possible with a
continuous-current supply at very high voltages, and spark-
gaps that are well cooled, to make the sparks follow one
another tens of thousands of times per second. Probably
these intermittent discharges play a considerable part in
the production of pressure rises.

The practical applications of the above short resume of
the production of oscillations by arcs'and sparks must now
be considered. The only capacities available are the
capacities of the connections, the network, the feeders, and
the windings of the machines to frame. The self-induc-
tions available are those of the windings of the trans-

value of 2,000 to 5,100 at the last spark before the final
break.

When switching off an inductive circuit a high pressure
may occur should the current be interrupted suddenly.
This well-known effect in the case of continuous-current
circuits can also take place on alternating-current circuits
when using oil-break switches, though it is usually sup-
posed not to be the case. It is true that the oil-break
switch in general does tend to open the circuit when the
current is in the neighbourhood of the zero value, but this
is not always the case. Fig. 25 shows the switching on
and off from a 2,500-volt sine-wave machine of a large
transformer on open circuit. The oscillograph in this
case was connected between the terminals of the switch
so as to show the pressure rise at the switch, which
amounted at the moment of switching off to 11,000 volts.
The rise in pressure lasted about Ttyh of a period, that is
to say about ^ t h of a second. It is to be noted that the
switch only opened the magnetizing current of the trans-
former. When making this experiment there was a small
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formers and machines and of the connections, network,
and feeders.

Sparks and arcs may in practice be formed at switch
contacts or when faults take place. Under normal working
conditions sparks mainly take place at the switch contacts,
but when large currents are being broken regular arcing
is observed at the contacts. In the case of a fault, except
a sparking fault to earth with both poles insulated, the dis-
charge at once takes the form of an arc. I have already
mentioned that in switching on and off cables on open
circuit, pressure rises may be produced should the switch
contacts chatter in going in or out. A similar effect can
easily be produced by sparks between switch contacts if
they are held stationary and almost touching on sufficiently
high-voltage alternating circuits. For in this case at the
peak of each half-wave a spark will take place tending to
charge the cable first in one direction and then in the
opposite. These reversals are naturally attended with the
pressure rise already referred to under " vibrating con-
tacts." Fig. 24 is a good example of the rises that may be
produced when a feeder on open circuit is disconnected,
intentionally allowing the switch to spark in air between
its brass contacts. The voltage has risen from the R.M.S.

piece of cable between the switch and the transformer, and
there is no doubt in my mind that the capacity of this cable
materially assisted the suppression of the current at the
spark, and consequently increased the pressure rise.

I have already mentioned that if an inductive circuit
carrying a continuous current be interrupted by a switch,
a condenser shunting the terminals of the switch will stop
the arcing at the switch contacts and produce a serious
pressure rise. The following tests show that a similar
effect occurs with alternating currents. A transformer of
about 150-kw. capacity was switched on and off by means
of an oil switch from the 2,500-volt mains. The measure-
ments were made between the terminals of the transformer.
The connections between the switch and the transformer
were very short. In this case after switching off a number
of times very few pressure rises were observed. The
worst is shown in Fig. 26, where there is a peak of 5,500
volts.

On introducing a length of about 60 yards of cable
between the switch and the transformer nearly 60 per cent
of the breaks produced pressure rises, the worst of which
is shown in Fig. 27, the maximum value being 7,500 volts.
These two tests illustrate very well the effect of capacity
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shunting the switch contacts in increasing the tendency to
pressure rises when switching off inductive circuits.
It may be said that introducing a cable between the switch
and the primary of the transformer does not constitute a
condenser shunting the switch contacts, but a little con-
sideration will show that the capacity of this cable to earth
is in series with the capacity to earth of the supply main,
and that these two condensers in series do shunt the
switch contact; this is the usual arrangement whenever
the switch has connected to both terminals a length of
cable which has any appreciable capacity to earth.

The arcs which take place when fuses blow have similar
properties, and as in this case they are nearly always
shunted by the capacity of the cables connected to them,
similar rises take place. Fig. 28 shows a short-circuit on
the end of a feeder connected to a 2,000-volt 400-kw.
generator which was allowed to remove itself by means of
a fuse.

The big initial rush of current and the pressure rise
attendant on the blowing of the fuse are clearly shown, the
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tus situated at the end of the lead might be subjected to
considerable strain, and might run the risk of having its
end turns damaged owing to the high-frequency oscillations
set up along the lead.

At high voltages any sparking taking place between one
point of an insulated circuit and earth will set up oscilla-
tions in the leads, connections, and apparatus. The
whole circuit may be considered as equivalent to a com-
plicated aerial system of a wireless transmitter which is
excited in the manner generally spoken of as plain aerial,
that is, with a spark between it and earth. The effect of
this is to set up a number of high-frequency oscillations in
the system, producing high potentials at all points where
reflections of the oscillations may take place, such as open
ends and the connections to apparatus having appreciable
self-induction. Berg has investigated a number of cases
and has shown how a spark fault to earth may produce
very high voltages localized on the end coils of trans-
formers, etc.

Turning next to arcs, I have not yet come across a well-
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maximum value being 4,200 volts. Another example is
shown in Fig. 29, in which a light fuse was suddenly con-
nected as a short-circuit to the secondary of a 10,000-volt
transformer ; the fuse blew instantly. During the short-
circuit the potential difference between the terminals of
the secondary of the transformer was of course reduced to
zero. This lasted for about half a period, when the fuse
melted and a rise in pressure of 27,000 volts was recorded.
In this case the great suddenness of the interruption of the
current was in part due to the fineness of the fuse used,
leaving very little volatilized metal to form an arc, and
partly to the capacity of the leads connecting it to the
transformer. A fine series of records of switching at high
pressures, and the attendant rises are given by Faccioli
which confirm the above remarks.

Sparking at switch contacts may also set up oscillations
along the leads in much the same way as the oscillations are
set up in wireless aerials by sparking into them at their
bases. The mere sparking into the lead will not in general
set up very violent oscillations because these oscillations
will have to pass round the generator, but should there be
considerable capacity between the generator and the
switch contact oscillations may be set up which will pass
through the condenser to earth. In this case the appara-

authenticated case in practice of an arc acting as a musical
arc and producing dangerous pressure rises. It is easy
enough to produce them in the laboratory, but the con-
ditions in practice do not seem suitable for maintaining
continuous oscillations. I am of the opinion that there is
a great deal more risk in intermittent arcs maintaining
oscillations than from the arc producing continuous
oscillations.

The opening of large currents, whether it be by switches
or fuses or by faults which burn out, is always attended
by the risk that the current may be suppressed too sud-
denly and that the energy stored in the self-induction of
the circuit may not be dissipated. In this connection I am
inclined to think that sufficient attention has not been paid
to the self-induction of the leads and cables. Although
the self-induction per mile of the cables is comparatively
small—it may apparently range from a fraction of a milli-
henry for cables very close together to some 5 millihenries
for conductors like track rails on continuous-current rail-
ways—yet the amount of energy that may be stored is
considerable owing to the large currents that may flow at
the moment of short-circuits or faults. It is to be noted
that as the great part of the magnetic field is situated in
air, should the current be suddenly suppressed the whole
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of the energy is liberated at once, giving rise to very high
voltages. This is not necessarily the case in machines and
apparatus, as with these quite a considerable part of the
self-induction may be due to the lines of force threading
the iron, and it is impossible for these to collapse so
suddenly on to the conductors owing to the eddy currents
they would produce in the mass of material; therefore
when they do collapse some of the energy is wasted by
this means and the pressure rise is reduced.

Volts 809

FIG. 30.

The exact values of the self-induction and capacity of
the cables used for carrying continuous currents do not
seem to have received much attention. Approximate cal-
culations can, however, be made. As an example, the self-
induction of one mile of two 0*5 sq. in. cables laid in
non-metallic ducts at 4-in. centres is about r6 millihenries,
the capacity about c i microfarad, and the resistance
0-176 ohm. Taking these figures the maximum possible
voltage rise neglecting the self-induction of the machine
is 252 times the current suppressed, if the cable is con-
sidered to be equivalent to localized condensers and a
self-induction arranged as in Fig. 21. For 500 amperes
interrupted, the limit of the pressure rise might thus be
126,000 volts.

2-2 ohm
o-O2 henry

to be more stable and a large amount of vapour is pro-
duced from the electrodes, yet the appearances seem to be
that in the case of still larger currents the arc goes out
with great suddenness. In ordinary cases of supply mains
there may be two causes which tend to this quenching of
large-current arcs. First and foremost, the considerable
magnetic field produced by the current itself. Second, and
this applies to insulated mains in enclosed spaces, the pro-
duction of a gas surrounding the arc due to volatilization,
and the splitting up of the insulating material. Third, the
cooling effect of the large masses of the metal which are
usually present in circuits intended to carry large currents.
Whatever the true explanation may be, it seems to me that
the properties of large current arcs, both continuous and
alternating, require further investigation, especially as
regards quenching. Some tests made by Collis show very
well the pressure rises that may occur on breaking con-
tinuous-current circuits. Fig. 30, taken from his paper,
relates to a magnetic-field blow-out circuit-breaker operat-
ing on a dead short-circuit. The voltage rose to 809, and
the steady value after the circuit-breaker had operated
was 226. The arc in this case appears to have been
suddenly extinguished, producing the high-pressure rise,
and then to have re-started, causing a second but smaller
rise.

In order to illustrate the pressure rises that may occur in
cables due to short-circuits, I have prepared a model line,
somewhat similar to that used by Wagner and consisting
of a number of sections, which has a total self-induction of
0*24 henry and a total capacity of 6 mfd. to earth distributed
along it. The resistance is 27 ohms. This line may be
looked upon as representing 10 or 15 miles of cable, in
which the self-induction, capacity, and resistance per mile
are, roughly, increased tenfold. Consequently the fre-
quency of the line is reduced tenfold. With this line
connected to the ordinary continuous-current mains it is
possible to make short-circuits anywhere along it and to
observe on the oscillograph the attendant pressure rises.
These can be quite easily made to repeat themselves, and
the wave forms can be projected on the screen. The tests
made with this line indicate how easy it is to obtain very
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FIG. 31.

If a short-circuit is suddenly interrupted somewhere in a
long cable a high-voltage wave front starts from it and
travels in each direction towards the ends of the cable,
where it may be reflected if the end is open or connected
to a high self-induction, its amplitude being then doubled.

There is no doubt that in many cases of short-circuit—
whether of a continuous current or of an alternating
current—the current is very suddenly suppressed. The
arc is quenched somehow, to use a wireless term. It is
easy enough to quench arcs with small current, but with
medium currents, say a few 100 amperes, the arc appears

considerable pressure rises by means of short-circuits which
are suddenly opened, and they also indicate the strain at
the end of the line due to the reflection at that point of the
wave that travels along it each time a short-circuit is
removed somewhere along the line.

I have attempted to summarize as briefly as possible
the causes of pressure rises. They are numerous. Very
small changes in the conditions will sometimes make all
the difference between considerable pressure rises and
none of importance. Pressure rises are illusive to inves-
tigate ; time after time one will repeat the test without
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hitting the exact condition, and then perhaps at last, after
a number of trials without having made any apparent
change, a considerable rise will be observed. No faith
can be put in observations of pressure rises unless they
are repeated many times. Tests repeated once or twice
are not conclusive evidence if a rise is not observed. The
importance of these rises to electrical engineers is well
recognized. The means to prevent them occurring, and
the precautions to be taken to try and relieve the insula-
tion from the strain when they do occur, are matters which
would take me too far for this address to-night.
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